Abstract. The pressure of opening access to public sector geospatial information traditionally managed within disparate spatial data infrastructures (SDI) is driven by a combination of factors. These factors include the adoption of open data programs and the need to integrate spatial data across sectors and levels of government for specific applications. Informed by the success of the Linked Open Data community, efforts to leverage Linked Data in enabling global access to spatial data currently managed within national and regional SDIs are emerging. However, these early efforts do not provide guidelines for implementing such Linked SDI nor articulate the socio-technical requirements for a successful Linked Geospatial Data strategy. By analyzing existing SDI architectures and emerging Linked SDI requirements, we develop Reference Architecture for building interoperable Linked SDIs.
Introduction
Geospatial or geographic data describing information tied to some locations on Earth's surface [1] , constitute an important and rapidly growing category of government data assets. This category of data are considered critical for planning, policy making and delivering innovative location based services in domains including disaster mitigation, public health, geology, civil protection and agriculture [2] . An important aspect of managing geospatial data is the provisioning of the socalled Spatial Data Infrastructure (SDI); an information infrastructure providing access and enabling interoperability among spatial information based on standards, policies, regulations and coordination mechanisms [3] [4] . As at 2009, over 120 countries have developed one form of National SDI or another [4] . With increasing information integration efforts at regional and global levels and wide spread adoption of Open Government and data programs by governments in Europe and other parts of the world, there are compelling arguments for revisiting the notion of "Global SDI" (GSDI). GSDI encompasses the policies, technologies, standards and human resources necessary for the effective collection, management, access, delivery and utilization of geospatial data in a global community [5] . According to [6] , a GSDI is expected to integrate information from regional SDIs to provide so-called global datasets with global spatial coverage.
While efforts by organizations like Open Geospatial Consortium (OGC) [7] and the United Nations Geospatial Information Working Group (UNGIWG) [8] in producing standards and reference models have significantly advanced the interoperability and exchange of geospatial information, the goal of realizing a global SDI is far from realized. Specifically, no single or distributed repository of geospatial data with global spatial coverage based on OGC standards and reference framework is available.
Although not strictly a GSDI, the INSPIRE (Infrastructure for Spatial Information in the European Community) SDI [9] which employs OGC standards like the Geography Markup Language (GML); presents an innovative approach to integrating National SDIs in a specific region based on a legally enforceable instrument. The SDI defines several spatial data themes and services; metadata standard, network services and technology specifications, agreement on sharing and access, coordination and monitoring mechanisms as well as processes and procedures. Unfortunately, the use of legally enforceable instrument as way to mandate the adoption of standards is not feasible at a global level.
Interestingly, the Linked Data community has arguably built a truly global space of data maintained by a dedicated community of researchers and practitioners based on standards and best practices provided by the World Wide Web Consortium (W3C) [10] . This success could be attributed to the simple representation format of the dataResource Description Framework (RDF), its widespread adoption, and the strong global influence of the W3C consortium. Not surprisingly, the concept of Linked Geospatial (or Geospatial Linked) Data, i.e. geospatial data stored in RDF, created, managed and accessible based on the Linked Data principles and standards has appeared in the last few years [11] [12] . Most of Linked geospatial studies have so far aimed at providing an alternative representation format and access method to geospatial data maintained within SDIs. For example, the Linked Geodata platform [13] [11] .
However, current studies on Linked geospatial data are fragmented and do not provide concrete guidelines for implementing a Linked SDI nor do they provide the policy, standards and community imperatives for a successful Linked geospatial data strategy. Our goal in this work is two folds: 1) to integrate and organize existing work on Linked geospatial data and Linked SDI into a reference model for government and 2) to highlight the policy, standards and organizational requirements for Linked SDI. For illustration, the paper also shows how Linked Data could be employed in the context of the INSPIRE SDI.
The rest of the paper is organized as follows: Section 2 presents the background on SDI and Linked Data. Our approach for developing the Linked SDI reference model is presented in Section 3. The synthesized SDI reference model is presented in Section 4 and refined for Linked Data enabled implementation in Section 5. Validation of the LSDI reference model is presented in Section 6 and discussed in Section 7. Finally, some concluding remarks are presented in Section 8.
Background
This section provides conceptual underpinnings and characteristics of SDIs and highlights how Linked Data concept provides a complementary semantic information integration approach for implementing SDIs and global SDIs.
Spatial Data Infrastructure
SDI is a multi-disciplinary concept that includes people, data, access networks, institutional policies, technical standards and human resources [14] . According [6] , the notion of SDIs is continually evolving and also an inherently hierarchical, where one SDI is related to another belonging to different jurisdictional levels, typically global, regional, national, local and corporate levels. As a platform, SDIs link data users to providers on the basis of the common goal of data sharing. Regardless of the jurisdiction of SDIs, they enhance the capability of governments to engage in systems-based, integrated and holistic decision making about the future of that jurisdiction [14] . They operate subject to policies that govern access, use, pricing of services, sustained financing, quality management and human resources development [15] .
A number of features are commonly associated with SDIs [14] : 1) they enable communication and sharing of information, 2) they are networked infrastructures that allows all user benefits when a user joins the network, 3) they encompass both technical and social elements and therefore are socio-technical systems, 4) they support wide array of stakeholders in the communication and sharing of spatial data, 5) they operate within unstable environments and so need to adaptive, 6) they develop institutionalized properties in their ability to communicate, connect and share between stakeholders.
These functionalities are realized through a number of core components. Table 1 identifies the typical elements of SDIs as described in literature: [1] , [3] , [4] , [6] , [9] , [16] and [17] . Consistent with the description of SDI above, elements of an SDI are essentially of the following types: Policy, Standards, Data, Network Access and People.
Efforts to integrate geospatial information across SDIs rely on the use of set of standards and institutional agreements such as those of OGC and UNGIWG. Given that effectiveness of standards is linked to the degree of its adoption, standards by global an influential entities such as W3C are relatively more likely to succeed. In addition, meaningful spatial information integration requires adopting of shared vocabularies by geospatial data providers or SDIs. The Linked Data approach presented in the next section is recognized as a global standard for publishing semantically-rich open (or enterprise) data. 
Linked Data and Spatial Data Infrastructure
Linked Data refers to a set of good practices for publishing and connecting structured data on the web [10] . Technically, Linked Data is a machine-readable data that is linked to external data sets on the rapidly expanding Web of Data Cloud. The goal of Linked Data according to Berners-Lee is to create a single global data space on the web. The notion of Linked Data is underpinned by four core principles [10] : 1) use of URIs (Uniform Resource Identifier) as names for things, 2) use of HTTP URIs so that people can look up those names, 3) URI should return useful information when looked up by utilizing standards such as RDF and SPARQL and 4) include links to URIs, so they can discover more things. In recent years, studies on the adoption of Linked Data and Semantic Web in developing SDI have grown [18] . The W3C Incubator Group for example, provides many annotation methods and defines XLINK as a language for adding hyperlinks to XML and RDFa to enrich metadata for OGC standards like GML [19] . Works such as [19] and [20] have also shown how OGC services and semantic technologies can be integrated. Specifically, [20] highlights how Linked Data can be used within an SDI and compares RDF with GML. In [21] , the treatment of Geo-Linked Data includes proxies which incorporate references to Geoweb and services in Semantic Web. In their work, URI describes a real world resource and the user can access either RDF or HTML through Geo Linked Data server or a GML representation in a Geoweb service.
Other works in this domain seek to refine Linked Data principles to meet geospatial community requirements. They address more specific issue related to Linked Data such as URI design, data models for representing and querying spatial data on the Semantic Web. For instance, the United Kingdom Government through its CTO council has developed best practices and guidelines for designing URIs for geospatial data [22] . In [23] , proposal for refining existing W3C data models to meet the representational and querying needs of spatial data in the Semantic Web was presented using stRDF and stSPARQL standards. stRDF is an extension of RDF that allows for the representation of temporal geospatial data while stSPARQL adds filters to SPARQL queries to enable the discovery of topological relations between geometries.
Research on linking URIs is fundamental in enabling integration of data into the web of data cloud. Different approaches have been proposed for linking. Authors of [24] encode hierarchical topological relations between geographic entities over traditional spatial queries to link Great Britain datasets even in the absence of explicit geometric information. Other researches focus on the ontologies linking level to discover semantic relationships [25] [26] . In [27] , issues arising when interlinking the LoD cloud was addressed. They propose the use of upper level ontologies and schema level links to address these issues. They also commented on the misuse of the "owl:sameAs" in the LoD cloud. Authors of [24] support this argument by clarifying that "owl:sameAs" relation is over-used for linking entities which leads to mismatching problems. Instead they propose using alternative relationships such as "rdfs:seeAlso" and "coref:duplicate" to find related URIs no matter the nature of the relationship.
Approach
The objectives of our study includes: 1) providing a reference architecture for a Linked Data enabled Spatial Data Infrastructure, 2) showing how the reference architecture could be employed in analyzing the requirements a Linked Data strategy, using the INSPIRE initiative as example. Our SDI reference model aims to capture the major elements of existing SDIs as described in different scholarly works and international standards such as those related to The Open Geospatial Consortium [7] . The reference model will also consider future SDI needs.
The Linked SDI reference model is developed in two major steps in line with approach for developing reference architectures [28] : 1) Construction of a base reference architecture for traditional SDIs, 2) Refinement of the base reference architecture based on the Linked Data principles and existing work on Linked SDI to produce a Linked SDI reference architecture. These steps are explained below:
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We present in Fig.2 the five dimensions and their core dimensions in Fig.1 . We present in Section 5 how this reference model could be refined to support Linked Data enabled SDI development.
Blueprint for Linked Geospatial Data Infrastructure
This section describes the core elements of a Linked SDI Reference Architecture (LSDI-RA). We understand a Linked Data enabled SDI or simply Linked SDI as an information infrastructure with traditional SDI capabilities and that is in addition capable leveraging Linked Data principles in the management and integration of its datasets by utilizing Semantic Web technologies. We consider an LSDI or indeed any SDI as a socio-technical system and thus organize the description of its elements into two categories: 1) the technical elements comprising the data and network access components described in Section 5.1 and 2) the socio-organizational components consisting of the enabling and constraining policy, standards as well as people and community responsible for creating, using and evolving the technical components of the SDI, described in Section 5.2. Fig.3 . presents a summary of the Linked SDI Reference Architecture discussed in Sections 5.1 and 5.2.
Technical Components
We identify here the major elements of the Data and Networked Access dimensions of our LSDI reference model by refining the elements of the BRA in Section 4 with the emergent semantic requirements obtained from the existing work on Linked Data and SDIs. Data -The data dimension of LSDI consists of the three categories of datasets, a knowledge model, and catalog as described in the SDI-BRA. The Foundation dataset in LSDI includes resources describing places or locations in RDF format [18] such as Geonames [10] . The representation and management of foundational data in Linked SDI is based on the Linked Data principles. For instance, places or locations described in the foundational datasets are expected to have URI with links pointing to other related places based on one or more geospatial relations [29] . In addition, Linked SDIs are also expected to manage thematic Geospatial data (or Framework datasets), such as Earth Observation [18] , Land Cover [7] , Topography [19] and Administrative Hierarchy [30] datasets as Linked Data. Likewise, application-specific datasets such as DBpedia dataset [18] , Linked Geodata [31] and Geoweb [9] are also maintained as Linked Data on the Linked SDI. Ontologies [19] , [32] , [9] and ontology mapping resources [5] underpinning RDF-based datasets are maintained as part of the knowledge model in Linked SDI. User-generated contents from the social processes enabling user contributions such as geo-tagging or resource tagging [30] are also managed by Linked SDIs. Finally the LSDI catalog contains metadata of datasets. In summary, the requirements for the Data component of a Linked SDI are abstracted in Table 2 . [18] , [19] Framework dataset Enable the management of thematic geospatial data such as topography, administrative hierarchy, earth observation and cover; as Linked Data [19] , [30] , [31] , [31] Application specific dataset Should manage other application specific geospatial information (e.g. "Geoweb") as Linked Data [18] , [31] , [33] Knowledge model Ontologies, vocabularies and other semantic assets for describing geospatial datasets should be managed as part of the knowledge model [19] [32] [ 33] , [11] User generated Contents Given the social contexts for SDIs, an LSDI must support semantic annotations of user-generated contents based on sematic assets that is part of the knowledge model [30] Catalog Catalog must support semantic description and retrieval of geospatial data items based on or more of the semantic assets maintained in knowledge model
Network Access -LSDI are expected to provide Linked SDI services and semantic client applications as part of the network access components. The Linked open services [32] , Semantic Web services [32] , resource-based services [32] and Geoweb services with RDF and OWL support [33] are examples of Linked SDI based services that could be provided. In addition, transformation services such as GML2RDF/XML transformations [18] , query rewriting [30] and others are expected to enable transition from traditional SDI to Linked SDI. At information management level, Linked SDI should offer a variety of services ranges from map viewing [18] [33], publishing and sharing services [30] , semantic ontology alignment [11] to SPARQL endpoints [30] and Geo Linked Data endpoint [33] . For Linked SDI clients, there is a need to provide portals and applications enabling access to stakeholders. For example, DBpedia mobile application provides Linked Data browser [18] whereas authors of [31] provide Linked geodata portals. Other available LSDI applications include locationcentric DBpedia client [18] , location-aware Semantic Web client [4] , DBpedia mobile application [4] [30], Linked Data-aware client [32] , NOA fire monitoring and management applications [31] and Semantic Web applications [33] . 
Policy and Organizational Requirements
People -LSDI realization requires the existence of people and stakeholders that can interact and develop the LSDI. Stakeholders consists expert, normal users, and government organizations [18] . As part of this dimension, we also indicate interests groups related to specific projects that have contributed to the development Linked SDI. These initiatives include DBpedia [30] , EU Projects like SOA4All and SEALS [32] , SemsorGrid4Env project, TELEIOS project, NOA [31] , and Bio2RDF project [8] . Increasingly important stakeholder category are the communities that interact with, develop and shape the future of LSDI, e.g. the Linked Open Services LOS community [32] , Semantic Web and Linked Data community [31] , Geoweb community [9] . Communities LSDI requires cooperation between Linked Data communities and Geoweb communities. The infrastructure must also enable these communities contribute contents (e.g. upload datasets) or to tag available existing datasets [9] , [31] , [32] Organizations Supporting governmental organizations contributing to the development of geospatial contents managed on the LSDI [8] , [18] , [30] , [31] , [32] 
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Standards -the LSDI infrastructure must support a host of Semantic Web and Linked Data related standards in addition to the traditional geospatial related technical standards. In particular, standards such as Resource Description Framework (RDF), Web Ontology Language (OWL), SPARQL and geospatial extensions of these standards such as GeoSPARQL by OGC, W3C geospatial web service modeling language, stRDF, stSPARQL, stRDFi, [31] . A list of standards related to Linked SDI implementation is provided in Table 5 below. Policy -This dimension specifies additional policy issues arising from the adoption of semantic and Linked Data technologies SDI development. For instance, the vocabularies, ontologies and other semantic assets needs to be managed with additional roles defined to support additional activities [34] . At the same time, specific governance activities such as those related to URI management [22] . In addition, policies on adoption of best practices related to Semantic Web and by geo Linked Data, e.g. best practices for designing URIs for geospatial data or publishing Geoweb resources with RDF metadata [9] , are designed in this dimension. Some policy requirements for LSDI are presented in Table 6 . Policies on the management of semantic assets related Linked geospatial datasets (e.g. URIs for geospatial data) must be available [22] , [34] Membership Policies on the roles of agencies in the development and management of these semantic assets must also be considered. For instance, how will the vocabulary for geospatial datasets be developed? [34] 6
Using the Linked SDI Reference Architecture
This section briefly highlights the use of the Linked SDI Reference Architecture presented in Section 5 and shows how the reference architecture adequate captures elements the INSPIRE SDI as example. In Fig.4 . we describe the intended use of our SDI-BRA to develop a SDI family architecture; such as the INSPIRE Family Architecture. Our SDI-BRA could also be directly employed in developing concrete SDIs such as the UK National INSPIRE-compliant SDI architecture. Our LSDI-RA could in general: 1) guide the development of new LSDI family architecture or instance architecture, 2) facilitate the development of LSDI across governance levels, from local to national and regional, 3) enable interoperability among LSDI instances, e.g. see Figure 5 showing how the INSPIRE SDI architecture can be mapped to our LSDI-RA. Another use of our LSDI-RA in the case of the INSPIRE SDI is in the refinement of elements. For instance, the data components of the INSPIRE SDI (labeled as servers) could be refined into the Framework, Foundation and Application datasets. To transition from an INSPIRE-compliant SDI to a Linked SDI, a concrete approach is to implement the requirements described in Tables 2 to 6 , guided by the LSDI-RA in Fig.3 .
An important aspect of the LSDI-RA is the specified interactions among architectural components and the role of the Policy and Technical Standards elements in deciding how to implement the other three components.
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